INTRODUCTION
Aviation is a big source of environmental pollution. A major contribution to pollution is made by aviation engines. During engine operation, harmful substances are emitted into the atmosphere: NO x (nitrogen oxides), CO (carbon monoxide), C x H y (unburned hydrocarbons), and smoke emissions. Designers should ensure the compliance of the ecological parameters of aviation engines with the strict ecological requirements imposed by the International Civil Aviation Organization (ICAO). This will allow developing devices that will compete successfully on the international market.
The P. I. Baranov Central Institute of Aviation Motor Development (CIAMD) has outlined the main directions of the development of aviation engines in the Russian Kuznetsov" (Samara City, Russian Federation) Federation. The basic underlying idea of these directions is the improvement of the environmental characteristics of some existing well-proven motors (Solonin et al., 2005; Skibin and Solonin, 1999) .
MULTINOZZLE COMBUSTION CHAMBER OF AVIATION GAS TURBINE ENGINES AS A BASIS OF ENVIRONMENTAL SAFETY. REVIEW
V
Environmental safety of aviation engines is a very important problem for designers. The importance of this problem increases with the aviation engine thrust, because of the increase in such thermodynamic parameters as the temperature and pressure in the combustion chamber. In this case, the rise of temperature in the combustion zone results in the formation of NO x . Using the multinozzle fuel burning mode in the combustion chamber will make it possible to decrease the formation of harmful substances signifi cantly. Multinozzle combustion chambers of aviation gas turbine engines designed by the JSC "
Gas-turbine engines (GTE) operate in different exploitation modes: idle, landing, take-off, and cruise modes. The cruise mode differs from other modes because it takes place at high altitudes, where there are a low pressure and an extremely low temperature.
Optimization of the fuel burning process in the GTE combustion chamber (CC) is the most effective method of increasing the GTE power and improving its environmental characteristics. Furthermore, the ability of the engine to operate in different operating conditions and its overall reliability depend on the stability of the engine fuel burning process. Several projects on the enhancement of the GTE parameters have been carried out under the CIAMD supervision during the last decades. These projects included the upgrading of the combustion chamber design and fuel burning process. Many design bureaus and different scientifi c organizations from Russia deal with these projects. The JSC "Kuznetsov" (formerly known as the Kuznetsov Design Bureau, Samara City, Russian Federation) in collaboration with Samara National Research University (Samara City, Russian Federation) carried out considerable research on multinozzle burning process (Lukachev, 1998) . Some results are described in (Orlov and Matveev, 2014a,b; Matveev et al., 2015; Orlov et al., 2014; Ermakov et al., 2014; Krivcov et al., 2014; Gritsenko et al., 2002; Danilchenko et al., 2008) . These results formed the basis for the development of the highly reliable and environmentally friendly CC of a GTE. They made it possible to develop a multinozzle combustion chamber for the aviation GTE that meets strict ecological requirements of ICAO. Such a CC is used used in the construction of the aviation GTE being developed by the JSC "Kuznetsov" (NK series aviation engines).
The general principles of the methodology of development and adjustment of multinozzle low-emission combustion chamber (LECC) are given below. The ecological characteristics and operation reliability of such LECC are considered as the main focus of the developmental methodology.
ENVIRONMENTAL PROBLEMS AND REGULATION OF THE EMISSIONS OF HARMFUL SUBSTANCES
The emissions of harmful substances by aviation engines to the atmosphere occur in two ranges of altitude and differ with engine operation mode: from the ground surface up to an altitude of 900 m during the idle and take-off modes in the zone of an airport, and in the altitude range from 11 km to 20 km corresponding to the cruising fl ight (Nikolaikin and Smirnov, 2006) . Emissions of CO, C x H y , and NO x occur in all modes of engine operation. In addition to the emission of harmful substances, there are also condensation trails formed in the cruise fl ight at high altitudes. The results of some researches show that condensation trails destroy the radiation balance between the atmosphere and ground surface (Varaksin, 2013 (Varaksin, , 2014 leading to a change in air fl ows, causing atmosphere stratifi cation (Burtsev and Leontiev, 2014) , and initiating the formation of cirrus clouds -the main factor of the greenhouse effect (Dedesh et al., 2006) . The GTE development suggests an increase in the engine thrust. To achieve this, it is necessary to increase the GTE thermodynamic cycle parameters, i.e., the gas temperature and pressure in its combustion chamber. This results in the faster formation of NO x and also raises the risk of the formation of condensation trails. Moreover, the air traffi c grows from year to year. So, the aviation GTEs will pollute the atmosphere more and more. It is expected that share of aviation engines in the change of the climate and in atmosphere pollution will constitute 5% of the total contribution in 2050.
Using hydrogen fuel is a promising way of considerably decreasing the emission of harmful substances. So many efforts are concentrated on the development of such type of engines. However, all of the methods of the production of hydrogen are expensive now. Moreover, this will not eliminate condensation trails.
The Committee of Aviation Environment Protection (CAEP) of ICAO monitors the studies of the emission of harmful substances during fuel combustion in GTEs. The CAEP set the fi rst nternational tandards on NO x , CO, C x H y , and smoke emissions in 1986. The main goal of the tandards was the limitation of the airport atmosphere pollution during the aviation engine operation in the standard landing-take-off cycle (SLTC). The rating of the emisiion of aviation engines is made on the basis of NO x emission parameter value (P NOx ). It is calculated by the division of the NO x mass (g) released into the atmosphere during SLTC by the engine take-off thrust (kN). All values of emission parameters are described in the I CAO ' s book of standards: The Environmental protection appendix 16 to the convention on the international aviation, volume II "The Aviation Engine Emission".
Since 1986 the value of ICAO international standards for GTE NO x emission was reduced several times: CAEP/2 in 1996, CAEP/4 in 2004, and CAEP/6 in 2008. At the same time emission levels of other harmful substances such as CO, C x H y , and smoke remained constant.
On the one hand, the improvement of the fuel combustion effi ciency in GTE requires an increase in the pressure ratio and gas temperature in the engine's combustion chamber. On the other hand, this leads to a substantial acceleration of the reaction of NO x formation in the engine's CC that aggravates the ecological problem.
New CAEP/8 standard was implemented by ICAO in 2014. The new Standard requires reducing the NO x emission by 15% in comparison with the standard of 2008 (or 50% lower than the standard of 1986). Furthermore, in 2020 the CAEP plans to reduce the value of the ICAO International Standard P NO x by 45%, and in 2030 -by 60%, in comparison with the value of the year 2008.
Furthermore, it must be emphasized that many developed countries worldwide set their own emission ratings, based on the ICAO tandards. In Russia, the tandards of aviation engines emissions are described in the book of the National Aviation Rules (part 34 "Environmental protection. Emission standards for aviation engines"). These tandards also defi ne the procedure of conducting certifi cation tests.
According to the ICAO requirements, the parameter P k of emission of the specifi ed harmful component k during SLTC must be determined for emission level rating (Danilchenko et al., 2008) . The emission parameter P k is calculated by the formula
where i is the engine operating mode during SLTC; k is the type of toxic substance: CO, NO x , or C x H y ; τ i is the engine operating time in the i mode, min; R oo is the certifi ed maximum engine take-off thrust under standard exploitation conditions in the International Standard Atmosphere (ISA), kN; G fuel i is the fuel consumption in the i mode; EI ki is the emission index of specifi ed component k in the i mode.
The SLTC includes the following operation modes:
• take-off mode (R = 100% of R oo ) within 0.7 min;
• climb mode (R = 85% of R oo ) within 2.2 min;
• landing mode (R = 30% of R oo ) within 4 min;
• idle mode (R = 7% of R oo ) within 26 min.
The emission parameter P k depends on the effi tiency of the fuel combustion process in a CC and on engine fuel consumption.
The quantity EI ki is the characteristic of the combustion process effi ciency. It is calculated by dividing the mass of pollutant k (g) emitted to the atmosphere by the fuel mass (kg) consumed by the engine in the engine mode i. Figure 1 presents the ICAO tandards of NO x emission. These standards relate to a GTE with engine thrust of more than 26.7 kN. The pressure ratio π k0 is a summary compressor ratio in the take-off mode. The emission characteristics of some modern aviation engines are shown by different marks, as well as the NASA goals of emisiions of aviation engines. Data on the emission parameters of modern GTEs are listed in Table 1 .
At the present time, the ICAO extends the tandards of emission and noise from the airport zone to the entire fl ight along a route (Volkov, 2006) . It is expected that in high altitude cruising fl ight the emission index of NO x should not exceed the values 5-10 g/kg of fuel.
Some of the developed countries implement their own policy of airport environmental protection. For example, the penalty system for the excess in the emission of harmful substances was adopted in the Zurich airport (Switzerland). The penalty payment is defi ned by the engine emission factor (EEF). According to these requirements the EEF is calculated as the sum of P NO x and P C x H y . All aircrafts are divided into classes according to the thrust characteristics of engines. An allowed emission level is defi ned for each aircraft class. In the case this level is exceeded, the penalty is charged.
LOW-EMISSION COMBUSTION CHAMBER DEVELOPMENT
It was described above that effort of the GTE effi ciency improvement with the help of increasing the gas temperature and pressure in the CC leads to the growth of NO x emission. Thus, it confl icts with the ICAO requirements. Moreover, there are strict limitations of the CC dimensions and mass in the aviation industry. Finally, the CC of a GTE has to guarantee stable characteristics of the fuel combustion process in different engine operation modes and in different ambient conditions. Above we described the factors that need to be taken into account at the GTE CC development stage (Biryuk et al., 2014b) . The following requirements to a perspective CC of GTEs have been formulated after the detailed analysis of those factors:
• CC must provide a stable operation in the case of an increase in the input air It means that in comparison with the parameters of the existing CC the CC for perspective engines should have the following characteristics:
• the gas temperature in the CC should increase to 200-300 K;
• the service life of the fl ame tube should increase by 3-4 times; • the fraction of air for wall cooling should lower twice; • the emission of harmful substances should lower twice and more.
These problems can be solved effectively by using a fl exible control of combustion process, which is possible with organization of multinozzle air-fuel mixture burning. The development of a CC with multinozzle combustion is the modern trend in the GTE design. In some publications on this topic it is reported about the development of CC with the quantity of nozzles in range from 100 to 600 units (Kuznetsov et al., 1987; Kuznetsov and Tokarev, 1995; Biryuk et al., 2014a) .
However, the researches carried out over the world have shown that it is impossible to achieve perspective ICAO emission standards values by only using multinozzle fuel combustion in the existing design of the combustion chamber. A maximum possible decrease in the NO x emission is only 10-15%.
In this regard, aviation engine designers split the CC fuel combustion zone into two areas: pilot and main zones. A special complex and expensive automatic fuel feeding system has been developed for the purpose of two-zonal fuel combustion organization. It allowed reducing the NO x emission level by 30-35%. However, it is not sufficient for meeting the strict ICAO requirements.
So, researches and development of effective LECC are being continued. Clearly, an integrated approach should be used for the development of the environmentally friendly and reliably operating CC of a GTE. The key points of the approach are (Working Paper, 2010; Epeykin et al., 1998) :
• to perfect the CC operation process (fuel burning);
• to optimize the GTE thermodynamic cycle parameters;
• to improve the effectiveness of the individual elements of GTE;
• to optimize the GTE bypass ratio; • to perfect the fuel feeding system management and to make this system cheaper;
• to apply an alternative fuel (liquefi ed natural gas, hydrogen).
EXPERIENCE OF LECC CREATION
Two technologies of fuel combustion allow one to signifi cantly reduce the emission of harmful substances (Lefebre and Ballal, 2010). The fi rst is the Lean, Premixed, Prevapozised (LPP) combustion of liquid fuels. The second is the Rich-Quench-Lean (RQL) technology. Leading aviation engine design companies over the world use both approaches in their developments. Given below are the descriptions of two companies' developments: General Electric and Pratt & Whitney.
The General Electric Company is one of leaders in the development of low-toxic CC. Experimental researches of the CC combustion process were begun in the 70s of the last century. Design specifi cs of such CC were investigated in the 80s within the NASA E 3 (Energy Effi cient Engine) program. The combustion chamber developed during the E 3 program fulfi llment was applied by the General Electric Company in different modifi cations of CFM-56 and GE-90 aviation engines. Two combustion zones are located parallel in those CC. The pilot zone is located outside of the main one. It provides an optimal air-fuel mixture combustion process, and emission levels of CO and C x H y are low in it. In the idle mode of engine operation, all fuel is fed to the pilot zone, not to the main one. In other engine operating modes (take-off, cruise), where the engine thrust value is large, the pilot zone provides partial combustion of the air-fuel mixture for heating the main zone. The air-fuel mixture burning in the main zone is poor (α = 1.8). The parallel location of zones reduces the longitudinal size of the chamber. Due to the said above, the time of the air-fuel mixture residence in the zone of high temperatures is small. So, NO x emission level in the modes of take-off and cruise fl ight is low.
During the designing of that CC GE, the General Electric Company has developed the following GTE elements:
• a new system of cooling the fl ame tube wall that consists of individual segments. The system made it possible to optimize and to reduce the air consumption for cooling and to lean the air-fuel mixture in the burners of the main zone; • no-fl ow-separation diffuser with fl ow splitter and special pillars providing necessary air distribution between the CC elements. It minimizes hydraulic losses and provides nonsensitivity of diffuser to the nonuniformity of air fl ow at the inlet; • special burners in both combustion zones. They include centrifugal nozzles with two coaxial oppositely turning swirlers.
The results of the tests of the LECC with parallel combustion zones are presented in Table 2 . The results confi rm the decrease in the CO, C x H y , and NО х emission levels in comparison with the traditional CC.
After the completion of this work, the NASA ' s ALECP program was fulfi lled by the General Electric. The purpose of the program was to further develop the perspective LECC design with poor air-fuel mixture combustion -the concept of the LPP approach.
Two schemes of CC construction have been investigated. They differed by the sequential and parallel layout of combustion zones. In an LECC with sequential zone layout the pilot zone was installed before the main one.
By testing these two CC versions it was established that the sequential layout of combustion zones allows one to signifi cantly improve the ecological characteristics of combustion process. For example, in the cruise fl ight mode the NО х emission index EI NO x of sequential layout of CC was 3.1 g/kg of fuel against 5.2 g/kg of the CC with parallel layout (the requirement of ICAO is 5-10 g/kg of fuel).
However, as is seen, the emission index for both layouts (sequential and parallel) is lower than the value of the emission index of a CC of traditional design (16 g/kg of fuel). The completeness of combustion is also higher in both layouts.
The results of researches allowed the GE Company to develop a parallel layout two-storey (double annular) multinozzle combustion chamber. It was installed on the CFM-56 and GE-90 aviation engines.
However, it must be noted that the CC developed by GE had a very complex construction and an expensive fuel management system. This fact forced GE designers to stop using it and to return to the traditional CC in their next projects. Unlike GE, the Pratt-Whitney Company selected the CC design with sequential layout of combustion zones during the implementation of NASA ' s E 3 program. The
Company's researchers carried out a large number of fundamental investigations of combustion process and different tests of CC in environmental and laboratory conditions. Optimistic results of reducing the emissions of harmful substances were obtained in these tests. A lot of scientifi c researches and design developments of LECC have been carried out in the Russian Federation too. CIAMD provides scientifi c and technical management of the works in this fi eld. Kuznetsov and Sabelnikov (1986) from CIAMD had developed the theory of turbulent combustion. This theory is based on the assumption that burning takes place in a thin layer, where the concentration of components and temperature are close to the stoichiometric values. This assumption made it possible to separate the fl ow equations and the equations of the kinetics of burning. The approach requires solving the burning kinetics equations before calculation the gas dynamics parameters. Kuznetsov and Sabelnikov (1986) have fulfi lled a large number of theoretical and numerical investigations of the main fuel combustion regularities in different CC of aviation engines. Their results allowed implementing the following methods to CC design:
Theoretical Works on Low-Emission Combustion
• calculation of the nonuniformity of temperature fi elds for thermally stressed CC; • determination of fuel combustion effi ciency; • determination of the fl ame stabilization characteristics by using the forcing coeffi cient, which considers combustion kinetics and duration of fuel mixture stay in the primary zone; • calculation of the fl ame tube thermal state. The method is implemented in the AEROCHAM software package for calculating the nonstationary three-dimensional turbulent fl ow of the reacting mixture. The AEROCHAM allows one to estimate the infl uence of the geometrical parameters and engine operation modes on the combustion stability.
The foregoing and many other results concerning the process of fuel burning in CC made it possible to create a theoretical basis for the methodology of aviation engine combustion chamber development and adjustment.
Researches and developments of a two-zonal CC with sequential layout were begun in CIAMD at the same time as the NASA ' s E 3 program was started. The main goal of those researches was to reduce the emissions of harmful substances in the takeoff mode. The results of researches showed that the best version of CIAMD CC on the engine idle mode for P c = 0.27-0.35 MPa, Т c = 440 K, α = 5.5-6.2 provides a high combustion completeness and low emission levels of EI CO = 20-27 g/kg of fuel and EI C x H y = 0.5 g/kg of fuel. These values are 2-3 times less than the traditional CC characteristics. The EI NO x emission index was 10 g/kg of fuel for optimum fuel distribution in combustion zones in the take-off mode at Р c = 1.7 MPa, Т c = 730 K, and α = 3.5. Figure 2 shows a comparison of the NO x emission index for CC of GTE, developed by the General Electric, Pratt & Whitney, and CIAMD. It is clear that the emission characteristic of the CC developed by CIAMD does not rank below the Pratt & Whitney's CC of the JT9D-7 engine at T c * > 650 K.
The following basic features for multinozzle LECC have been revealed as a result of these researches:
• the swirled air jets entering into the main zone provide intense mixing of the fuel, air, and combustion products following from the pilot zone. This provides steady ignition and fl ame stabilization in a wide range of engine mode changes; • the air distribution among the combustion zones depends on the heat resistance of the pilot zone: when α changes from 2 to 6 in the pilot zone, the relative air consumption in it can increase by 30%; • the pilot zone makes the main contribution to the overall NО х emission (its EI NOx index is up to 3 times higher, than for the main zone). So, the fuel consumption reduction in the pilot zone leads to the lowering of the NО х emission. The results of physical and numerical studies made it possible to create the scientific and technical base of knowledge on the CC for the GTE of new generation.
GENERAL INFORMATION ABOUT THE CONSTRUCTION FEATURES OF THE MULTINOZZLE COMBUSTION CHAMBER OF NK SERIES AVIATION ENGINE
In the sixties of the last century, on the personal initiative of the General Designer Academician N. D. Kuznetsov a new type of CC for aviation GTE has been developed. This type of CC did not have world analogs at that time. It was a CC with a large number of burner modules (nozzles) (Danilchenko et al., 2008; Nikolaikin and Smirnov, 2006) . A number of innovations were applied in the operation cycle of CC. The innovations were improved later during the development of CC of new aviation engines of the NK series. N. D. Kuznetsov's Experimental Design Bureau (nowadays JSC "Kuznetsov") was an initiator of the creation of a multinozzle CC of engines for aircrafts with subsonic fl ight speeds (NK-8, NK-8-2U, NK-86, NK-86MA) and supersonic fl ight speeds (NK-144, NK-22, NK25, NK-32) using kerosene, and also multinozzle CC of the NK-88 and NK-89 engines using hydrogen (Epeykin et al., 1998) and liquefi ed natural gas (LNG) (Danilchenko et al., 2008) .
In Fig. 3 , the evolution of the multinozzle CC of the NK series GTE is presented. The evolution direction is shown by the arrow. All the CC developed by the JSC "Kuznetsov" meet the ICAO Strandards of emission of harmful substances.
FIG. 3: Evolution of the multinozzle CC engine of NK series
The main feature of such CC is a ring with a large number of modular burners. Each individual burner module includes an air fuel spraying nozzle. It was for the fi rst time that preliminary fuel mixing with a large amount of primary air was implemented into practice in these CC. The air fuel mixing process proceeds in modular burners. They provide the next sequence of the operation steps (Matveev et al., 2012 ):
• initial stage of fuel dispersion;
• fi nal stage of air-fuel mixture spraying; • organization of the circulation zone for fl ame stabilization behind each burner by swirled air and fuel fl ow.
The construction of air nozzles provides a thin fuel spraying and good fuel mixing with air, because of the fuel spray aeration. The general view of the multinozzle CC is shown in Fig. 4 .
The basic features of the multinozzle CC are:
• the short length of the fl ame;
• the low temperature gradients in the fl ame tube walls in circular direction (less than 100 o C near the front plate);
• the small circular nonuniformity of the temperature fi eld in the output CC section (within 1.25 for θi max ); • the radiation heat fl ow in CC is 40% lower than in the traditional combustion chambers with a small number of nozzles (Gritsenko et al., 2002; Danilchenko et al., 2008 ); • the possibility of soot formation is excluded (the smoke number less than 10); • the partial homogenization of the air-fuel mixture in modular burners and formation of burning volumes, whose temperature is lower than the temperature of
FIG. 4:
General view of the multinozzle combustion chamber the burning fuel drops in traditional constructions of CC, which decreases the emission of nitrogen oxides and carbon oxide. A large number of small-diameter nozzles promote complete fuel burning-off and formation of the required temperature fi eld at the output of the CC of small length. The burner modularity allows a relatively easy scaling of CC dimensions as needed. Finally, local burnout of the fl ame tube walls in these CC is excluded due to the more uniform distribution of the air-fuel mixture throughout the CC volume. It improves the CC reliability signifi cantly.
MAIN ASPECTS OF CC OPERATION CYCLE ADJUSTMENT
The development of LECC requires the fulfi llment of a large number of numerical and physical experimental investigations. Generalization of the multinozzle low-emission CC development experience (Gritsenko and Tsybizov, 1999) shows that an effective way for decreasing the development time and costs is to use preliminary numerical simulation and investigation of CC operation process characteristics. Such an approach allows one to increase the count of design variants. Also it makes possible to optimize some CC elements construction. The CC construction and nature of the air-fuel mixture burning processes are very complex. So, the tools for researches have to be powerful.
The NEWAC (NEW Aero Engine Core concepts) can provide an example. "NEWAC is a new European-level program, in which major European engine manufacturers, assisted by universities, research institutes and enterprises, focus on new core engine concepts" (http://www.newac.eu/12.0.html). NEWAC sequentially pursues expensive and long-term policy on development of new scheme LECC for new engines with the participation of all motor companies of Europe. Similar programs exist in the USA and Japan.
The typical process of CC development is accepted in the NEWAC program:
1. Carrying out numerical researches with the modern methods at all operation stages. 2. Carrying out experimental investigations in two stages:
• research of a model with one burner (tests including high parameters, optical and probe measurements); • research of a ring camera model: stand-alone camera tests with simulation of extremely possible conditions and testing of the ring camera as a part of a gas generator.
At the JSC "Kuznetsov", during the process of development of multinozzle LECC, designers make numerical investigations by the computer system based on the "SERGEY KOROLEV" supercomputer (productivity -10 TFlops, the number of processors -224, quantity of kernels -896) and the PSK-1TF supercomputer (pro-ductivity -1 TFlops, quantity of kernels -144) (Saigakov et al., 2014) . The modeling of the combustion process is carried out by the fi nite volume model Finite-Rate/ Eddy-Dissipation. Simulation of the transfer equations describing convection, diffusion, and source members of each air-fuel mixture component is made. Furthermore, NO x emissions are estimated in correlation with different operation mode parameters and features of CC design.
CONCLUSIONS
The development of a multinozzle low-emission combustion chamber provides improvement in the environmental friendliness of aviation GTE, along with enhancing its power characteristics.
